To investigate the effect of L-alanyl-L-glutamine (L-Ala-Gln) preconditioning in an acute cerebral ischemia/reperfusion (I/R) model in gerbils. METHODS: Thirty-six Mongolian gerbils (Meriones unguiculatus), (60-100g), were randomized in 2 groups (n=18) and preconditioned with saline 2.0 ml (Group-S) or 0.75g/Kg of L-Ala-Gln, (Group-G) administered into the femoral vein 30 minutes prior to I/R. Each group was divided into three subgroups (n=6). Anesthetized animals (urethane, 1.5g/Kg, i.p.) were submitted to bilateral occlusion of common carotid arteries during 15 minutes. Samples (brain tissue and arterial blood) were collected at the end of ischemia (T 0 ) and after 30 (T 30 ) and 60 minutes (T 60 ) for glucose, lactate, myeloperoxidase (MPO), thiobarbituric acid reactive substances (TBARS), glutathione (GSH) assays and histopathological evaluation. RESULTS: Glucose and lactate levels were not different in studied groups. However glycemia increased significantly in saline groups at the end of the reperfusion period. TBARS levels were significantly different, comparing treated (Group-G) and control group after 30 minutes of reperfusion (p<0.05) in cerebral tissue. Pretreatment with L-Ala-Gln promoted a significant increase in cerebral GSH contents in Group-G at T30 (p<0.001) time-point compared with Group-S. At T 30 and T 60 , increased levels of GSH occurred in both time-points. There were no group differences regarding MPO levels. Pyknosis, presence of red neurons and intracellular edema were significantly smaller in Group-G. CONCLUSION: Preconditioning with L-Ala-Gln in gerbils submitted to cerebral ischemia/reperfusion reduces oxidative stress and degeneration of the nucleus (pyknosis) and cell death (red neurons) in the cerebral tissue.
CONCLUSÃO: O pré-condicionamento com L-Ala-Gln em gerbils submetidos à isquemia/reperfusão cerebral reduz o estresse oxidativo, a degeneração nuclear (picnose) e morte celular (neurônios vermelhos) no tecido cerebral. Descritores: Isquemia Encefálica. Reperfusão. Metabolismo. Efeitos de drogas. Glutamina. Estudo Comparativo. Gerbillinae. and alanine 13 . Recently, glutamine has been demonstrated to protect against ischemia/reperfusion (I/R) injury of the gut, heart, liver and skeletal muscle 14 . The mechanism is still incompletely understood and may be partly related to the preservation of GSH content 15, 16 . Another study has demonstrated that GLN preconditioning protects effectively against hepatic ischemiareperfusion injury 17 . Considering the known protective effects of GLN on ischemia/reperfusion, the aim of this study is therefore to evaluate the effect L-Ala-Gln preconditioning on metabolic and histopathological parameters in a gerbil model of acute cerebral ischemia/reperfusion injury.
Methods
Approval for experimental use of laboratory animals was obtained from the local Ethics Committee on Animal Use (CEUA, former CEPA) (protocol #127/07, February, 2008). All surgical procedures and animal handling were conducted in accordance with the Brazilian Federal Law No. 11794 of October 8, 2008 (http://www.planalto.gov.br/ccivil_03/_Ato2007-2010/2008/Lei/ L11794.htm). The study was designed so as to minimize the number of animals required for the experiments. The animals were housed in polypropylene cages at ambient temperature of 24 o C on a 12 h light-dark cycle. Gerbils were allowed free access to food (Purina chow) and tap water until the beginning of the experiment.
Study design
In this controlled experimental study, 36 Mongolian gerbils (Meriones unguiculatus) aged 8-16 months, weighing 60-100 grams, were randomly distributed in two groups: 18 gerbils preconditioned with saline solution prior to ischemia-reperfusion (Group S), and 18 gerbils preconditioned with L-Ala-Gln prior to ischemia-reperfusion (Group G). Each group was divided into three subgroups (n=6) based on the time of reperfusion following ischemia: 0 min (T 0 ), 30 min (T 30 ) and 60 min (T 60 ). Thirty minutes before induction of ischemia, 2 mL 0.9% saline solution or 0.75g/ Kg Ala-Gln (completed to 2 mL with saline solution) was administered i.v. into the femoral vein. Anesthetized animals (urethane, 1.5g/Kg, i.p.), were submitted to surgery with bilateral occlusion of the common carotid arteries (CCAs) during 15 minutes using vascular bulldog clamps. The clamps were removed simultaneously and brain tissue and arterial blood was sampled at T 0 , T 30 and T 60 for the determination of tissue and blood levels of metabolites and for histopathological evaluation of the internal pyramidal layer and the internal granular layer of the cerebral cortex.
Introduction
The use of animal models for studying the effects of cerebral ischemia has been frequent in recent decades. Studies dealing with the understanding of pathological mechanisms associated with stroke-like events have partly elucidated the complex molecular mechanisms associated with cerebral ischemia/ reperfusion cell death 1, 2 . Studies in the Mongolian gerbil (Meriones unguiculatus) showed that these animals are very susceptible to experimental cerebral ischemia by unilateral occlusion (permanent) or bilateral (transient) of the common carotid artery 3 . Histological studies revealed absence of posterior communicating artery in the gerbil, different from other rodents, where there is a communication connecting the carotid and vertebrobasilar arterial systems 4 . The lack of collateral communications in gerbils makes them more likely to succumb after severe ischemic events 5 . Somova et al. 6 studied the effects of cerebral ischemia after 6, 12 and 30 days in a model of unilateral cerebral ischemia in gerbils. In that experiment 50% of the animals died after three days of ischemia 6 . Reperfusion following cerebral ischemia leads to the generation of pro-oxidant species in the brain tissue which cause neuronal damage by acting directly on macromolecules, including proteins, lipids and DNA, or indirectly by interfering with cell signaling pathways and gene expression regulation 7 . Cerebral tissue is probably particularly susceptible to the action of oxidating agents and therefore to ischemia-reperfusion injury 8 . The models of coronary artery occlusion whether unilateral or bilateral, transient or permanent in gerbils have the following advantages: low maintenance cost, relatively homogeneous samples, strong cerebral anatomical and physiological similarity with other species, and an uncomplicated surgical procedure, thus providing a large number of ischemic animals to evaluate the efficacy of cerebral protective agents 9 . Cerebral ischemia is the consequence of the reduction in blood flow below a critical threshold and the concomitant limitation in the supplies of primary cerebral substrates like glucose and oxygen. The amino acids glutamate, GABA, and glutamine are available as substrates in the extracellular fluid, and may be used as alternative fuels by astrocytes or neurons under conditions of glucose deprivation 10 . Glutamine (GLN) is a conditionally essential nutrient during sepsis or trauma 11 . GLN is the most abundant amino acid in plasma and skeletal muscle. However, GLN levels fall dramatically after major injury or infection 12 . L-alanyl-glutamine (Ala-Gln) is a highly stable dipeptide, can be heat-sterilized and when infused intravenously is promptly hydrolyzed to glutamine
Cerebral ischemia induction technique
Under satisfactory level of anesthesia 18 the CCAs were isolated bilaterally at 0.5cm from the internal/external artery bifurcation (clamping site) and occluded during 15 minutes with vascular bulldog clamps 19 . Ischemia was followed by reperfusion for 30 or 60 minutes. Removal of cerebral hemispheres was performed using a technique published elsewhere 19 . Blood samples were collected from the abdominal aorta. Samples were snapfrozen in liquid nitrogen, placed in test tubes with 10% perchloric acid and stored at -4ºC for posterior enzyme analysis. Tissues for malondialdehyde (MDA), reduced glutathione (GSH) and Myeloperoxidase (MPO) assays were frozen and stored at -4ºC and preserved.
Chemicals and drugs
L-Ala-Gln (Dipeptiven™) was purchased from Frenesius Kabi Áustria GmbH Graz/Áustria. All other chemicals were purchased from standard commercial sources and were of the highest quality available.
Histopathological evaluation
The histopathological evaluation was performed by two independent pathologists blinded to clinical and pathological data. Tissue samples were fixated in 10% formaldehyde and embedded in paraffin, following standard histology procedures. Cerebral tissue sections (4 µm) were prepared, deparaffinized, hydrated and stained with hematoxylin and eosin. Histological parameters (pyknosis, red neurons, congestion and intracellular edema) were scored on a 4-point scale (0, 1, 2, 3) from absent to severe, as described by Greca et al. 20 .
Laboratory parameters
Cerebral tissue and blood metabolites (glucose 21 , lactate 22 ), oxidative stress (malondialdehyde 23 -MDA, reduced glutathione 24 -GSH) and inflammation (myeloperoxidase 25 -MPO) were evaluated by methods described in the literature. Internal pyramidal layer and the internal granular layer of the cerebral cortex were submitted to histopathological examination 26 . Calculations were based on different optical densities read with a spectrophotometer at 412 nm (Beckman Du-640). Differences in absorbance before and after the biochemical reactions were used to estimate GSH levels, expressed in µmol/g fresh tissue.
Statistical analysis
Graphpad Prism 5.0 (GraphPad Software, www.graphpad.com) was used for statistical analysis and graphics design. All data were tested for distribution (Kolmorogov-Smirnov test with Dallal-Wilkinson-Lilliefor P value). Group S and Group G were compared at different reperfusion times (T 0 , T 30 and T 60 ) using Student's t test for unpaired variables. Intragroup reperfusion times were compared with ANOVA associated with the Tukey multiple comparison test (pairwise comparisons) or with the Kruskal-Wallis test combined with Dunn's test (multiple comparisons). Median values, interquartile ranges and minimum and maximum values were determined for ordinal variables (histopathological scores), followed by intergroup comparisons of different reperfusion times with the Mann-Whitney test. The level of statistical significance was set at 5% (p<0.05).
Results

Metabolites
Results are presented in tables and figures. Glucose values were not different, comparing groups. However glycemia levels increased significantly in saline groups at the end of the reperfusion period (Table 1 ). Lactate concentrations were not different in studied groups (Table 2 ).
Blood
Cerebral tissue Figure 3 shows the mean MPO activity (MPO units/mg tissue) measured in cerebral tissue for Group S and Group G. The groups did not differ significantly, but within both groups MPO levels were significantly greater in T 60 than in T 0 or T 30 (p<0.001). The pretreatment with L-Ala-Gln promoted a significant increase in cerebral GSH contents in T30 (P<0.001) time-point compared with saline pretreated gerbils. After 30 and 60 minutes of reperfusion, increased levels of GSH occurred in both timepoints (compared with T0 in group G animals ( Figure 2 ). 
Histological studies
The degree of pyknosis in the internal pyramidal layer was significantly smaller in Group G than in Group S at T 30 (p=0.009) and T 60 (p=0.037). Within each group, the degree of pyknosis in this layer was significantly greater in T 60 than in T 0 (p<0.01 for Group S; p<0.05 for Group G). Likewise, the degree of pyknosis in the internal granular layer was significantly smaller in Group G than in Group S at T 30 (p=0.021) and T 60 (p=0.041). However, in this layer pyknosis did not vary significantly between the different perfusion times (Table 3) . The number of red neurons in the internal pyramidal layer was significantly smaller in Group G than in Group S at T 30 (p=0.01) and T 60 (p=0.04). Within each group, the number of red neurons in this layer was significantly greater in T 60 than in T 0 (p<0.01 for Group S; p<0.05 for Group G). Likewise, the number of red neurons in the internal granular layer was significantly smaller in Group G than in Group S at T 30 (p=0.0165) and T 60 (p=0.0475). In this layer, no significant variation was observed between the different perfusion times (Table 4) . Values expressed as median with interquartile range (n=6, each group)*p<0.05, comparing T60 vs T0 (Dunn´s test) (Group S)**p<0.01, comparing T60 vs T0 (Dunn´s test)(Group G) Table 5 shows mean extent of intracellular edema observed upon histological evaluation of the internal pyramidal layer and the internal granual layer of the cerebral cortex for Group S (saline solution) and Group G (L-alanyl-L-glutamine) before (T 0 ) and after 30 minutes (T 30 ) and 60 minutes (T 60 ) of reperfusion. No intergroup or intragroup differences were observed for the internal pyramidal layer. However, at T 30 edema in the internal granular layer was significantly less severe in Group G than in Group S (p=0.0225).
TABLE 5 -Extent of intracellular edema observed upon histological evaluation of the internal pyramidal layer and the internal granular layer of the cerebral cortex for Group S (saline solution) and Group G (L-alanyl-L-glutamine) before (T 0 ) and after 30 minutes (T 30 ) and 60 minutes (T 60 ) of reperfusion. 
Internal pyramidal layer Internal granular layer
Time (min) Saline L-Ala-Gln Saline L-Ala-Gln Median (IQ) Median (IQ) Median (IQ) Median (IQ)
60
1.00 (1.00-2.00) 1.00 (1.00-1.25) 2.00 (1.00-1.00) 1.00 (1.00-1.25)
Values expressed as median with interquartile range (n=6, each group) the absence of blood flow in the CCAs is not compensated by supply from the vertebral arteries, occlusion of these arteries induces extensive ischemia. Studies conducted by Somova et al. 6 on cerebral infarction induced by clamping of the left CCA in gerbils have shown that the model is appropriate for evaluating drug efficacy and for recreating the circumstances surrounding ischemic cerebral vascular accidents in humans. Blood and tissue glucose levels were significantly increased in Group G at T 0 (p=0.0375) ( Table 1) . It is possible that in response to recent cerebral ischemic injury a greater amount of glucose (the primary source of energy in the human brain) was made available from liver and muscle reserves through glycogenolysis 19 . On the other hand, the observed decrease in glucose concentrations in Group G at T 30 (p=0.0132) and T 60 (p=0.0410) ( Table 1 ) may be explained by a greater consumption of glucose (increased glycolysis) in peripheral tissues. The groups did not differ significantly with regard to tissue glucose levels. These findings support the results of a study by Yang et al. 27 in which gerbils were submitted to focal ischemia by occlusion of the right CCA and middle right cerebral artery for 60 minutes with microdialysis probes inserted on each side of the cerebral cortex, resulting in decreased glucose and pyruvate concentrations and increased lactate and glutamate concentrations in the ipsilateral cortex.
In our study, the fact that blood lactate concentrations were lower in Group G than in Group S at T 0 (p=0.0321), T 30 (p=0.0490) and T 60 (p=0.0290) (Table 1) suggests that Ala-Gln may have a protective effect on cerebral ischemia-reperfusion injury. The mechanism proposed to explain this feature involves activation of the malate-aspartate shuttle and increased conversion of pyruvate into acetyl-CoA in detriment to lactate, with prevalence of aerobic glycolysis 28 In Group G, tissue lactate concentrations were also reduced at T 0 (p=0.0228), confirming the prevalence of aerobic glycolytic activity.
MDA levels were not significantly different at T 0 , (Group G vs. Group S) indicating that Ala-Gln did not protect the cerebral tissue of gerbils against lipoperoxidation during ischemia, in this experiment. However, MDA levels decreased significantly on LAla-Gln group compared with control (p<0.05) at 30 minutes (Figure 1 ). Studies on cerebral ischemia-reperfusion injury in gerbil models have shown significant increases in MDA levels in brain tissue, especially the hippocampus, 3-6 hours after induction of ischemia. One to three days after occlusion, levels returned to baseline 29 . In our study, the significant decrease of MDA levels in Ala-Gln treated animals 30 minutes after the onset of reperfusion may be considered an isolated finding, not allowing definitive conclusions of the possible protective effect of ALA-Gln against lipid peroxidation in brain tissue.
It is known that GSH, a tripeptide relatively abundant in the brain exerts a protective action, promoting the reduction of free radicals and oxidative metabolites 30 . In the present study, GSH was significantly higher in Group G than in Group S at T 0 (p=0.0006), T 30 (p<0.0001) and T 60 (p=0.0011) (Figure 2 ). These findings show that pre-treatment with Ala has a protective effect on cerebral ischemia / reperfusion in a rodent model.
Discussion
Gerbils are a widely employed model for inducing selective ischemia partly due to the absence of a cerebral arterial circle. In fact, in this species, the anterior and posterior vascular beds are not integrated by posterior communicating arteries. Since A marker of activated neutrophils, MPO is commonly used to evaluate acute inflammatory response in experimental models. In this study, no significant intergroup differences were observed in cerebral tissue with regard to MPO. Thus, based on the similar levels of MPO observed in Group S and Group G, it may be concluded that Ala-Gln provides no anti-inflammatory protection against cerebral ischemia-reperfusion injury in gerbils (Figure 3) .
The histological examination revealed a significant reduction in pyknosis in Group G at T 30 (p=0.0086) and T 60 (p=0.0379) and in red neurons in the internal pyramidal layer of the cerebral cortex at T 30 (p=0.0159) and T 60 (p=0.0493), when compared to Group S (Table 3 and 4) . As for the internal granular layer, reductions were observed in pyknosis at T 30 (p=0.0208) and T 60 (p=0.0412) and in red neurons at T 30 (p=0.0208) and T 60 (p=0.0412) (Tables 3 and 4) .
Intracellular edema in the internal granular layer of the cerebral cortex at T 30 was significantly smaller in Group G than in Group S (p=0.0225) ( Table 5 ). Ischemic cerebral edema starts minutes after trauma and peaks on the third or fourth day. It results from tissue necrosis and extensive cell membrane disruption due to fluid transudation from the vessels to the cerebral tissue. In a study by Tomimoto and Yanagihara 31 in which the CCAs of gerbils were occluded bilaterally for 5 minutes, edema of the dendrites was observed along with mitochondrial swelling, cytoplasmatic vacuolization of microtubules and disintegration of layer I (spread to layer III after ischemia for 20 minutes of ischemia).
Analyzing all results it can be inferred that additional studies are needed, using different times of ischemia and reperfusion to validate, in a definitive manner, the protective effect of preconditioning with GLN in gerbil cerebral ischemia / reperfusion injuries.
Conclusion
Preconditioning with L-Ala-Gln in gerbils submitted to cerebral ischemia/reperfusion reduces oxidative stress and degeneration of the nucleus (pyknosis) and cell death (red neurons) in the cerebral tissue.
